MECP2 duplication syndrome is an X-linked genomic disorder that is characterized by infantile hypotonia, intellectual disability, and recurrent respiratory infections. Regression affects a subset of individuals, and the etiology of regression has yet to be examined. In this study, alterations in the hypothalamus-pituitary-adrenal axis, including diurnal patterns in salivary cortisol, were examined in 4 males with MECP2 duplication syndrome who had regression and 4 males with the same syndrome without regression (aged 3-22 years). Individuals who had experienced regression do not exhibit typical diurnal cortisol rhythms, and their profiles were flatter through the day. In contrast, individuals with MECP2 duplication syndrome who had not experienced regression showed more typical patterns of higher cortisol levels in the morning with linear decreases throughout the day. This study is the first to suggest a link between atypical diurnal cortisol rhythms and regression status in MECP2 duplication syndrome and may have implications for treatment.
MECP2 duplication syndrome is an X-linked genomic disorder that is characterized by infantile hypotonia, intellectual disability (ID), autism, progressive neurologic decline, and recurrent respiratory infections. [1] [2] [3] Duplications of Xq28 underlie this disorder, which accounts for 1% to 2% of all cases of X-linked ID, 4 and primarily affects males. The common genomic region involved includes Methyl-CpG-binding protein 2 (MECP2), the gene mutated in Rett syndrome. MECP2 duplication syndrome is a relatively newly described disorder, and many elements of the behavioral phenotype have yet to be characterized. One of the most challenging consequences of MECP2 disorders is the phenomenon of developmental regression. Regression is defined as a partial or complete loss of skills related to language, socialization, self-help skills, and/or motor skills. Although regression has been well defined in Rett syndrome and is a requirement for clinical diagnosis, the onset and associated features of regression in MECP2 duplication syndrome is just beginning to be characterized. 5 It is unclear whether regression occurs directly due to changes in the central nervous system, or whether peripheral factors (ie, immune function) also play a role. Recent work suggests that at least 50% of individuals with MECP2 duplication syndrome exhibit losses of language and/or motor skills; increased respiratory infections, lower cognition, seizures, and social withdrawal are associated factors. 5 When regression occurs, the loss of skills is often dramatic (eg, loss of mobility, head control, self-help skills, and/or language, and hand use), and in some cases associated with the onset or worsening of seizures and viral illnesses/hospitalizations.
The underlying etiology associated with regression has yet to be investigated in MECP2 duplication syndrome. Immune and hypothalamus-pituitary-adrenal axis activity components have been considered to contribute to disease fluctuations of chronic inflammatory diseases. For example, 2 autoimmune conditions associated with MeCP2 overexpression, 6,7 systemic lupus erythematosus and Sjögren syndrome, have been associated with neurologic changes/declines 8, 9 and hypoactivity of the hypothalamus-pituitary-adrenal axis. 10 The enhanced inflammatory susceptibility in some autoimmune conditions can be related to impairments at the level of hypothalamic corticotrophin releasing hormone. 11, 12 Corticotrophin releasing hormone causes release of adrenocorticotropic hormone from the pituitary gland, which in turn travels through the bloodstream to the adrenal glands, where it causes the release of cortisol. Recent studies of Rett syndrome and MECP2 duplication animal models demonstrate that the crh gene is a ''bona-fide'' target of MECP2, 13 and doubling the expression of MECP2 leads to anxiety and social withdrawal. Social withdrawal has been associated with ''sickness'' behavior, increased susceptibility to infections, and persistent inflammation. 14 Abnormalities in MECP2 are associated with abnormalities in acute stress response, 15 but the long-term consequences of alterations in MECP2 to hypothalamus-pituitaryadrenal axis activity have not been examined.
Levels of cortisol are usually highest early in the morning and gradually decline during the day. Blunted cortisol (low levels in the morning) has been noted in rheumatoid arthritis, lupus, and Sjögren syndrome. 16, 17 Behaviorally, blunted cortisol has been associated with elevations in anxiety and depression. 18 Some studies in other populations 19, 20 suggest that HPA axis hypoactivity may contribute to increased frequency and/or severity of infections, including pneumonias. Given the immunocompromised state of many patients with MECP2 duplication syndrome, and the possible association with regression, the purpose of this preliminary study was to investigate whether alterations in HPA axis activity, including abnormal diurnal patterns in salivary cortisol, were associated with regression in MECP2 duplication syndrome.
Methods Participants
In total, 8 males with MECP2 duplication syndrome, aged 3 to 22 years, participated in the current study (see Table 1 for participant characteristics). All participants had a confirmed diagnosis of MECP2 duplication by array comparative genome hybridization (aCGH). No participants were on immunotherapy prior to or during their participation in the study.
Regression Measurement
To assess regression, we used the Autism Diagnostic Interview-Revised (ADI-R) questions regarding regression, early milestones, and symptom onset. Because the ADI-R questions regarding language regression require the minimum use of at least 5 different words (other than ''mama'' and ''dada'') on a daily basis for at least 3 months, a research-based regression interview was designed as an extension to capture subthreshold losses of skills as separated into language (eg, loss of cooing, babbling, vocal imitation, communicative intent) and nonlanguage skills (hand use, motor skills, self-help skills, social interest, and curiosity). 21, 22 This interview utilizes the same coding and similar questions to the ADI-R and was utilized as part of the Simons Simplex Collection (SSC). Information regarding the age of the loss, duration of the loss, and any association with physical illness is captured. To be defined as ''regression,'' we used the convention that the loss must have been present for the duration of at least 3 months. Regression was also defined as a loss of nonlanguage (ie, motor) skills because losses of these skills are very dramatic and occur without recovery of functioning. Losses within this domain include loss of hand use, posture, gait, coordination, and self-help skills. Loss of language skills alone is more transient and consists of babbling as opposed to the loss of words since our prior studies show that most patients never acquire the fluent use of 5 or more words on a daily basis. 5 
Behavioral Measurement
All parents were interviewed using the Vineland Adaptive Behavior Scales, Interview Edition. The Vineland has been commonly used in studies of individuals with MECP2 duplication syndrome. 1 
Saliva Collection
Participating families were provided with a saliva collection kit that included Children's Swabs (Salimetrics, State College, PA), syringes, and cryovials to collect and store saliva samples. An instruction sheet with directions regarding collection and storage of the samples, as well as a diary to be filled out with information regarding meals, sleep, and medications during each collection day were also included.
Participating caregivers were instructed to collect 8 saliva samples with a minimum volume of 0.5 mL over the course of 2 days at 4 prespecified time points: approximately 30 minutes after the individual woke up in the morning, midmorning, midafternoon, and approximately 30 minutes before the individual went to bed in the evening. Caregivers were instructed to avoid collecting samples within 30 minutes of eating or drinking, and to select sampling days that were typical for their child, meaning that there were no preplanned occurrences of nonroutine events (eg, doctors' appointments or parties/celebrations), and when their child was in good health. Samples were returned to the university in uncooled padded mailers, but this was not expected to affect cortisol concentration levels. Because cortisol is a relatively stable hormone, it may remain at room temperature for several weeks 23 At the university, they were stored in a -20 C freezer until all samples were returned.
Cortisol Assay
The saliva samples were processed using the Cortisol (Saliva) ELISA kit (ALPCO Diagnostics, Salem, NH) at the Cytokine Reference Laboratory at the University of Minnesota. The sensitivity of the assay was 1.0 ng/mL. All measurements were performed in duplicate and averaged to attain concentration values for each sample. The duplicate correlation value was .99, and the interassay coefficient of variation was 3.7%.
Missing Data and Tests of Assumptions
Only 1 sample was returned with insufficient volume to assay. Resulting values were evaluated to identify potential outliers, or for values below the detection threshold of the assay. One participant's cortisol concentrations were well outside of the range of any of the other participants, which was likely due to a recent course of steroid medications for a respiratory infection. As a result, his data were excluded from further analyses. No other outliers were identified. Cortisol concentrations are typically highly skewed; therefore, a logarithmic transformation was applied prior to subsequent analyses. The resulting data were approximately normally distributed. Values and patterns of cortisol concentrations were relatively stable across the 2 days, so values were averaged across the 2 days to simplify the analyses.
Data Analysis
The diurnal cortisol slope for each participant was calculated by regressing log-transformed cortisol concentrations on sample collection time within a multilevel regression model. 20 Cortisol results were compared using t tests and a repeated measures analysis of variance with age as a covariate.
Results
There were 4 participants each in the regression and no-regression groups. In all 4 cases of regression, there were losses of motor skills (ie, hand use, gait, coordination, feeding themselves) in addition to subthreshold language skills (ie, babbling). In each case, the onset of regression was associated with a physical illness (eg, adenovirus, pneumonia, RSV, etc.) and/or seizure onset without subsequent recovery of functioning. Most of these participants previously had some language use (at least babbling vowel-consonant sounds), were able to walk, engage in functional play, and had developed some selfhelp skills (eg, feeding themselves) prior to regression. Three of the 4 participants in the regression group had lower adaptive behavior skills as compared to their peers in the nonregression group. In addition, 3 of the 4 participants in the regression group had a prior diagnosis of an autism spectrum disorder. No children within the nonregression group had a prior diagnosis of autism, although all exhibited stereotypic behaviors such as hand-flapping. These differences were primarily attributable to a loss of mobility (ie, walking) and hand use, in addition to social withdrawal and diminished babbling and communicative intent. Further details of this cohort as related to regression can be found in a previous publication. 5 When the primary caregiver of each participant was asked to estimate the number of respiratory infections in the previous 12 months, estimates ranged from 0 to 4 (see Table 1 ). There were no relationships between infection history and age in this sample. Diurnal patterns for each of the participants are presented in Figure 1 . In the no-regression group, all participants had negative cortisol slope values (M ¼ -.085), indicating a typical pattern of decline throughout the day. In the regression group, however, 3 of the 4 participants showed positive slopes (M ¼ -.005), indicating no diurnal rhythm in cortisol production. The difference in slopes between the 2 groups was statistically significant (t[6] ¼ -3.923, P ¼ .008, d ¼ 3.23). The repeated measures indicated a significant time by group interaction (F[3, 15] ¼ 7.935, P ¼ .002, partial Z 2 ¼ .613), with post hoc analyses indicating that differences in the change in cortisol concentrations from the first sample to the last sample was responsible for this interaction (F[1, 5] ¼ 2.993, P ¼ .002, partial Z 2 ¼ .810), as can be seen in Figure 2 . There were no relationships between any cortisol measures and frequency of respiratory infections in this sample.
Discussion
The purpose of this preliminary study was to investigate whether alterations in HPA axis activity, including abnormal diurnal patterns in salivary cortisol, were associated with regression in MECP2 duplication syndrome. Results suggest that individuals who had experienced regression do not exhibit typical diurnal cortisol rhythms, and their profiles were flatter through the day. In contrast, individuals with MECP2 duplication syndrome who had not experienced regression were more likely to show typical patterns of higher cortisol levels in the morning, with linear decreases throughout the day. As far as we know, this is the first study to document differences in HPA axis function in MECP2 duplication syndrome based on regression status. Because no typically developing comparison sample was included in the study, it is impossible to know whether the absolute values of cortisol measured in the no-regression group were typical, higher, or lower than would be expected, and additional research is needed to clarify this point.
In some populations (multiple sclerosis, sepsis) 19, 20 atypical diurnal rhythms and blunted profiles are related to disease severity. Therefore, the finding that the number of respiratory infections reported in the previous 12 months was not significantly related to cortisol levels or patterns in this sample was unexpected, especially given previous findings indicating a potential link between regression and immune issues in MECP2 duplication syndrome. 5 There are several possible reasons for this result. First, the very small sample may have obscured an effect that would have been apparent in a larger sample. Second, it is possible that the frequency of infections is less important than the severity and/or type of infection, number of hospitalizations, length of illness, and/or the number of antibiotic courses. Third, 3 of the 4 individuals in the regression group were homebound from school to prevent further infections, and this may have affected the frequency of respiratory infections by limiting exposure.
This study is clearly preliminary and should be interpreted with caution given its methodologic limitations. In particular, the very small, nonmatched samples of individuals with and without regression limit the generalizability of the findings and the ability to control for many potentially important factors in more complex statistical analyses. Future studies with larger samples should investigate the potential relationships between immune function, regression status, and cortisol, with many other health and behavioral issues, including sleep problems, seizures, medications, and behavioral features such as social withdrawal and other features of autism, particularly because 3 of 4 children within the regression group had a prior diagnosis of autism. In addition, C-reactive protein values were not measured at the same time as salivary cortisol sampling, so the possibility that inflammation may have impacted the results cannot be ruled out. Additionally, the cross-sectional nature of these data preclude interpretations regarding the timing and sequence of changes in diurnal cortisol patterns with regard to regression in this population. Longitudinal studies are needed to examine whether such changes predict or follow regression. In spite of these limitations, the findings are novel and suggest several important avenues for additional research to further investigate the potential links between immune functioning, regression, and cortisol patterns in MECP2 duplication syndrome. If confirmed, these links could have important implications for predicting prognosis of individuals with the syndrome, and for improving health and quality of life for affected individuals. It may also have important implications for potential therapies to mitigate disease severity and/or course.
